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Summary 


A  fundamental  challenge  remains  in  dynamically  controlling  the  steering  of  long  wavelength 
radiation  (k  >  8  gin )  using  metal  nanostructures  or  metamaterials  (with  critical  dimensions  -10 
nm),  where  one  is  faced  with  a  large  scale  mismatch  up  to  4-5  orders  of  magnitude  and  therefore 
intrinsically  weak  light-matter  interations.  Here  we  report  the  proof-of-principle  demonstration 
of  anomalous  reflection,  where  simulations  and  experiments  show  strong  signatures  of  beam 
steering  that  are  dependent  upon  graphene  doping.  This  seed  grant  has  allowed  our  team  to 
establish  the  essential  operating  procedures  (i.e.  modeling,  fabrication,  and  scatterometry)  for  the 
eventual  realization  of  efficient,  electrically-configurable,  graphene-based,  one-dimensional 
reflectarrays.  Several  immediate  improvements  to  the  device  design  and  process  flow  are 
essential  to  suppress  specular  components  of  the  reflected  beams.  We  believe  our  team  is  well- 
positioned  to  demonstrate  dynamic  tuning  of  anomalous  beam  in  the  next  phase,  if  funding  for 
this  program  is  to  be  continued. 


Figure  1.  Proposed  device  platform  for  achieving  tunable  anomalous  reflection  of  mid-IR  light. 


While  the  high  carrier  concentration  in  metals  prohibit  dynamic  tuning  of  light-matter 
interactions,  graphene  can  provide  unique  capabilities  to  help  dynamically  tune  the  reflection  and 
transmission  amplitude  and  direction  of  light  Fabrication  and  packaging  of  GNR  reflect-array 
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Fabrication  and  packaging  of  GNR  reflect-array 

Graphene  nano-ribbon  (GNR)  reflectarrays  that  allow  for  the  control  of  anomalous  reflection 
were  designed  by  integrating  a  backside  Au  mirror  to  enhance  the  coupling  efficiency  of  incident 
IR  light.  Such  structures  that  integrate  a  dielectric  spacer  and  backside  mirror  have  been  explored 
by  many  research  groups.  However,  alumina  (A1203)  or  silica  (Si02),  which  often  serves  as  a 
spacer,  has  an  intrinsic  absorption  in  IR  regime  for  wavelengths  greater  than  8  pm.  As  such,  it  is 
impossible  to  obtain  the  full  phase  change  needed  to  control  anomalous  reflection  from  graded 
GNR  reflectarrays  in  this  spectral  range.  In  this  project,  we  have  solved  this  problem  by 
developing  GNR  reflectarrays  on  a  lossless  air-spacer,  as  illustrated  in  Figure  2.  This  is  achieved 
by  1)  transferring  graphene  onto  a  CaF2  substrate  using  a  wet  transfer  method,  2)  patterning  the 
transferred  graphene  into  graded  GNRs  with  different  widths  using  PMMA  and  electron-beam 
lithography,  3)  the  Au  mirror  with  air-spacer  is  then  combined  with  the  CaF2  substrate  with 
graded  GNRs,  as  shown  in  Figure  2c.  The  2-pm-sized  silica  bead  powders  were  mixed  with 
optical  epoxy  (NOA  61)  and  a  mixture  of  silica  beads  and  optical  epoxy  was  applied  to  four 
comers  of  the  Au  mirror  substrate,  followed  by  inverting  the  CaF2  substrate  with  graded  GNRs 
onto  silica  beads,  thus  creating  an  air-gap  whose  thickness  is  defined  by  the  bead  size.  The 
uniformity  of  the  air-spacer  was  confirmed  by  measuring  the  interference  image  generated  from 
the  air-gap.  The  air-spacer  created  by  silica  beads  is  open  to  the  outside,  making  it  possible  to 
dope  GNR  chemically  with  nitric  acid  vapor.  In  addition  to  the  chemical  doping,  a  Au  mirror 
substrate  can  work  as  a  back-gate  for  electrical  doping  of  a  GNR.  In  the  first  year,  thus  far  we 
employed  a  chemical  doping  approach.  However,  our  goal  for  the  future  is  to  incorporate  a  back- 
gate  for  electrical  doping  using  a  Au  mirror  substrate. 


a.  Transferring  graphene  on  CaF2 


b.  Patterning  graded  GNRs 


c.  Making  lossless  air-spacer 
with  silica  beads  and  optical  epoxy 


Figure  2.  Fabrication  schematics  of  graded  graphene  nano-ribbon  reflectary  with  lossless  air- 

spacers. 
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The  image  of  the  GNR  reflectarray  fully  integrated  with  the  Au  mirror  and  an  air-spacer  is 
shown  in  Figure  3  a.  GNR  patterns  on  CaF2  are  hard  to  locate,  so  to  aid  in  the  sample  alignment 
we  add  alignment  marks  and  record  the  map  images  prior  to  the  PMMA  removal  to  locate  the 
GNR  patterns  (Figure  3b).  The  GNR  pattern  includes  five  supercells  with  40  pm  by  200  pm 
(Figure  3c).  The  fully  assembled  GNR  reflectarray  will  be  operated  in  an  internal  reflection 
configuration  as  illustrated  in  Figure  3d. 


Figure  3.  Images  of  a  GNR  reflectarray.  (a)  Photograph  of  a  GNR  reflectarray  chip,  (b) 
Zoomed-in  image  of  GNR  reflectarray  with  alignment  marks.  The  size  of  GNR  patterns  is  200 
pm  by  200  pm.  (c)  CAD  image  of  GNR  pattern  including  five  supercells. 

The  size  of  supercell  is  40  pm  by  200  pm.  Five  supercells  are  placed  side  by  side  and  the  entire 
size  of  GNR  reflectarray  is  200  pm  by  200  pm.  (d)  Illustration  of  a  side-view  image  of  GNR 
reflectarray. 

The  supercell  was  patterned  on  the  CaF2  substrate  using  PMMA  and  electron  beam  lithography. 
The  fabricated  supercell  is  a  series  of  200  graphene  ribbons  with  widths  varying  from  50  nm  to 
150  and  200  nm  period  shown  in  Figure  4,  which  results  in  an  operating  wavelength  of  1 1  pm. 


iiire-  >10  urn 
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Figure  4.  SEM  images  of  a  supercell  of  GNR  reflectarray  on  CaF2.  The  horizontal  length  of  a 

supercell  including  200  GNRs  is  40  pm. 
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Modeling  of  GNR  reflectarray 


Anomalous  reflection  is  achieved  with  an  array  of  graphene  nanoribbons  with  varying  widths. 
The  widths  are  chosen  such  that  they  impart  a  constant  scattering  phase  gradient  along  the  plane 
of  incidence  [1],  The  amount  of  scattering  phase  imparted  by  the  graphene  nanoribbon  can  be 
estimated  analytically  or  computed  numerically  [2],  This  allows  us  to  design  a  graphene 
reflectarray  device  where  the  widths  are  chosen  so  it  imparts  a  constant  scattering  phase  gradient 
along  the  plane  of  incidence,  and  therefore  obtain  an  anomalous  reflection  angle  that  differs  from 
the  traditional  angle  of  specular  reflectance. 

We  simulate  s  single  supercell  of  the  full  reflectarray  device  with  COMSOL  Multiphysics. 

Figure  5  shows  the  scattered  field  for  normal  (Fig.  5a)  and  10  degree  (Fig.  5b)  incident  plane 
waves.  The  simulation  assumes  parameters  corresponding  to  the  experimental  conditions;  a 
typical  electron  relaxation  time  of  x=0.6  ps  [4],  a  refractive  index  of  1.27  for  the  underlying 
CaF2  substrate,  incident  light  at  wavelength  of  1 1  ym,  and  graphene  doping  at  a  Fermi  level  of 
0.3  eV.  With  these  parameters,  simulations  reveal  a  beam  steering  angle  that  differs  from  the 
specular  reflection  beam  by  approximately  12  degrees.  We  emphasize  that  in  these  simulations, 
the  CaF2  substrate  is  assumed  to  be  lossless.  Indeed,  CaF2  is  often  a  substrate  of  choice  in  the 
mid-infrared  since  it  does  not  have  prominent  infrared  active  phonons  in  this  regime.  Hence, 
finite  losses  in  the  dielectric  should  still  be  expected. 
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Figure  5.  Reflected  field  off  the  graphene  reflectarray  device  for  (a)  normal  and  (b)  oblique  (10 

degrees  off  normal)  incident  light. 
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The  device  is  designed  to  produce  an  anomalous  reflection  of  12  degrees  at  a  doping  level  of 
0.3eV.  Figure  6  shows  normal-incidence,  far-field  plots  for  different  GNR  doping  levels.  As 
shown,  away  from  0.3eV,  the  intensity  of  the  anomalous  reflection  is  reduced  and  specular 
reflection  is  recovered.  The  strong  dependence  of  the  anomalous  reflection  intensity  with  doping 
can  allow  us  to  distinguish  between  anomalous  and  specular  beams  in  the  experiments.  Here,  we 
also  note  that  the  device  utilizes  a  metallic  back  mirror  separated  by  a  quarter  wavelength 
distance  from  the  graphene  ribbon  array,  which  serves  to  maximize  the  interaction  with  the 
graphene  ribbon  array  [2], 


Anrjta|'rlnp|  'os*.) 

Figure  6.  Normalized  far-field  intensity  as  function  of  angle  for  different  dopings  for  normal 
incident  light.  Specular  beams  are  at  zero  degrees. 


Finally,  we  discuss  the  impact  of  dielectric  loss  on  the  performance  of  the  device.  First,  our 
simulation  shows  that  the  intensity  of  the  anomalous  beam  will  diminish  relative  to  the  specular 
beam.  Secondly,  the  anomalous  angle  will  also  decrease  as  the  dielectric  losses  increase. 

The  availability  of  2ji  phase  shift  of  the  structure  with  optical  cavity  is  dependent  on  the  intrinsic 
losses  in  the  system.  The  losses  can  originate  from  either  graphene  or  the  substrate.  Figure  7a 
shows  the  phase  profile  for  a  unit  cell  of  the  device  with  increasing  substrate  losses  (imaginary 
refractive  index,  k).  As  we  can  see,  beyond  a  certain  value  (k=0.01)  we  do  not  have  the  2 n  phase 
shift. 


5 

Distribution  Statement  A.  Approved  for  public  release;  distribution  is  unlimited. 


Similar  behavior  can  be  seen  when  the  relaxation  time  of  graphene  is  reduced.  This  can  be 
explained  by  coupled  mode  theory  for  a  single  resonator  with  external  excitation.  The  reflection 
coefficient  for  this  can  be  calculated  as: 

7r  7a  ^  ^o) 

T  —  - 

7r  +  7a  +  i  (W  -  LJo) 

yr~  radiative  losses,  ya~  absorptive/intrinsic  losses.  This  is  plotted  in  complex  plane  in  Figure  7b. 
When  intrinsic  losses  are  high,  the  circles  do  not  cover  all  four  quadrants  anymore  which  results 
in  losing  the  phase  range  of  27i.  We  believe  that  our  current  device  structure,  where  the  graphene 
ribbons  are  suspended,  see  Fig.  3c,  has  allowed  us  to  alleviate  a  large  part  of  this  problem  due  to 
substrate  loss.  However,  losses  from  the  graphene  plasmons  itself  might  still  persists,  which  is  an 
issue  we  have  to  address  at  next  stage  of  the  program. 


-1.5  -1  -0.5  0  0.5  1 

Figure  7.  (a)  Impact  of  dielectric  loss  on  scattering  phase,  (b)  Complex  plane  plot  of  the 
reflection  coefficient  for  analytical  model  of  the  structure  as  a  single  port  resonator 
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Scatterometry  measurement 

We  have  built  a  scatterometer  that  is  capable  of  imaging  the  angular  resolved  optical  scattering 
of  microscale  nanostructures.  A  schematic  of  this  instrument  is  shown  in  Figure  8.  The  light 
source  consists  of  a  tunable  quantum  cascade  laser  that  operates  in  the  range  of  X  =  6  - 12  pm.  A 
series  of  mirrors  are  used  to  steer  the  incident  beam  through  a  ZnSe  objective  with  a  clear 
aperture  of  5mm  and  working  distance  of  17.5  mm,  which  focuses  the  beam  onto  the  sample 
with  a  beam  diameter  of  approximately  100  pm.  The  total  angular  spread  of  the  incident  beam  is 
approximately  4°.  The  sample  is  mounted  on  a  rotation  stage  that  is  used  to  vary  the  angle  of 
incidence  (0;),  which  is  the  angle  between  the  incoming  light  and  normal  to  the  sample.  A  ZnSe 
collection  objective  (same  specifications  as  the  focusing  objective)  and  liquid-nitrogen-cooled 
HgCdTe  detector  are  mounted  to  a  second  rotation  stage  and  rotate  together  as  a  single  unit. 
Scattered  light  that  impinges  upon  the  objective  is  focused  onto  the  detector  and  the  detector 
signal  is  recorded  by  the  computer.  By  revolving  the  collection  objective  and  detector  around  the 
sample,  the  angle  dependent  scattering  profile  of  the  sample  can  be  mapped.  It  should  be  noted 
that  for  this  initial  experiment  the  incident  light  polarization  is  oriented  45°  from  the  width  of  the 
ribbons.  The  scattering  profile  of  the  graphene  nanoribbon  reflectarrays  (GNR)  is  measured  for 
X=  1 1  pm,  and  a  detection  angles  in  the  range  of  0,/  =  25  -  60°  (this  is  the  angle  between  normal 
to  the  sample  surface  and  the  detector  see  Figure  2). 


unrpse 


HgCdTe 

detector 


Figure  8.  Schematic  of  the  scatterometer  setup. 
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Prior  to  mounting  the  sample  in  the  scatterometer,  the  GNR  reflectarray  graphene  was 
chemically  doped  using  nitric  acid  vapor.  This  is  achieved  by  filling  a  500  ml  beaker  with  100  ml 
of  Nitric  acid  (69%),  the  graphene  sample  was  then  placed  on  top  of  the  beaker,  with  the  GNR 
reflectarrays  facing  the  nitric  acid.  A  1000  ml  beaker  is  then  placed  upside  down  over  the  system 
(see  Figure  9).  The  system  is  left  in  this  doping  configuration  for  20  minutes.  To  confirm  doping 
of  the  reflectarray,  polarized  reflectance  spectra  of  uniform  GNR  was  measured  in  an  FTIR 
microscope  immediately  after  doping  (see  Figure  9a-b  for  plots  of  Rper,  Rpar,  and  1-Rper/Rpar). 
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Figure  9.  Schematic  of  the  doping  configuration. 


After  measuring  the  reflectance  of  the  uniform  GNRs,  the  sample  was  mounted  in  the 
scatterometer  and  the  system  was  aligned.  Unfortunately,  we  have  no  way  to  image  the  sample 
once  it  is  mounted  in  the  scatterometer,  so  aligning  the  QCL  onto  the  200  x  200  pm  GNR 
reflectarrays  patterns  is  challenging.  However,  we  are  able  to  align  the  system  using  a  masking 
technique  that  has  been  successful  in  prior  experiments  where  the  sample  cannot  be  imaged  [3]. 
The  masking  technique  involves  placing  two  pieces  of  doubled  sided  sticky  tape  near  the  GNR 
patterns.  The  two  pieces  of  tape  that  are  orthogonally  oriented  serve  as  a  coordinate  system  for 
locating  the  GNR  reflectarrays,  where  the  intersection  of  the  two  pieces  of  tape  serves  as  the 
origin.  Prior  to  mounting  the  sample  in  the  scatterometer,  we  use  an  optical  microscope  to  image 
the  tape  and  GNR  reflectarray  patterns.  This  allows  us  to  determine  the  position  of  the  GNR 
reflectarray  patterns  with  respect  to  the  tape  coordinate  system.  The  sample  is  then  mounted  in 
the  scatterometer.  The  tape  is  a  poor  reflector  of  infrared  light,  therefore,  by  scanning  the  laser 
position  across  the  sample  and  looking  for  a  sharp  decrease  in  the  reflectance,  we  can  determine 
the  position  and  orientation  of  the  tape  when  the  sample  is  mounted  in  the  scatterometer.  Once 
we  have  the  position  and  orientation  of  the  tape  coordinate  system,  we  can  then  reposition  the 
sample  so  that  the  laser  is  incident  upon  the  GNR  pattern. 
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Figure  10.  (a)  Fractional  polarized  reflectance  of  uniform  GNR  pattern  with  width  of  150  nm, 
where  light  is  polarized  parallel  (red)  and  perpendicular  to  the  GNRs.  (b)  Extinction  spectra  for 

GNR  pattern  of  varying  ribbons  width. 


Figure  1 1  summarizes  the  results  of  normalized  scatterometry  measurements  that  are  collected 
over  a  period  of  61.5  hours,  where  the  angle  of  incidence  is  fixed  at  30°  and  the  detector  position 
is  swept  over  the  range  Qdet  =  25  -  60°  (as  defined  in  Figure  1).  Here  we  present  the 
normalized  data  since  over  time  the  power  of  the  QCL  fluctuated  with  time.  In  general,  five 
peaks  are  detected  in  the  angle  dependent  scattering  that  are  centered  around  Qdet  =  15,  17.3, 
19.6,  23.4  and  27.4°  (labeled  by  numerals  1-5  in  the  top  panel  of  Figure  10).  The  origins  of  each 
peak  are  not  fully  understood  at  the  moment;  however,  these  results  clearly  show  that  the 
intensity  of  peaks  2-  5  change  as  time  increases  and  the  doping  level  decreases.  In  general,  the 
relative  intensity  of  most  observed  peaks  monotonically  increase  (peaks  3  and  5)  or  decrease 
(peak  4)  with  time.  However,  peak  2  shows  non-monotonic  behavior  that  may  be  associated  with 
hitting  a  sweet-spot  doping  level  that  maximizes  the  intensity  of  a  reflection  that  has  been  steered 
due  to  tailoring  the  phase  of  GNR  plasmon  resonances.  Initially,  at  time  t  =  0  hours  peak  2  exists 
as  a  weak  shoulder  that  appears  near  Qdet  =  32.3°  (top  panel  of  Figure  10).  As  time  increases, 
as  shown  in  the  middle  panel  of  Figure  10  at  t  =  24.65  hours ,  the  relative  strength  of  peak  2 
increases  to  the  point  where  this  peak  can  be  easily  distinguished  from  peak  1.  This  may 
correspond  to  the  point  where  the  GNR  is  optimally  doped  at  which  point  a  maximum  proportion 
of  the  reflected  light  is  diverted  to  the  steered  beam.  As  time  increases  further,  as  shown  in  the 
third  panel  of  Figure  11  at  t  =  61 .45  hours,  the  relative  intensity  of  peak  2  decreases  back  to  the 
point  where  it  is  a  shoulder  on  peak  1,  which  may  correspond  to  the  point  where  the  graphene 
doping  level  is  less  than  the  optimum  value  and  less  light  is  diverted  to  the  steered  beam. 
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Figure  11.  Normalized  scattering  intensity  as  a  function  of  detector  angle,  and  relative  intensity 
of  scattering  peaks  normalized  to  intensity  of  peak  1 . 
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Exploring  braoder  device  applications 


On  the  modeling  front,  we  continue  our  exploration  of  new  application  space  of  our  graphene 
reflectarray.  In  Figure  12,  we  illustrate  some  of  the  possible  applications.  Figure  12b  shows  that 
one  can  implement  the  metasurface  to  an  arbitrary  surface  and  tailor  the  local  phase  so  that  the 
scattered  reflected  light  would  mimic  that  from  a  flat  surface,  i.e.  cloaking.  A  simple  extension 
of  this  idea  would  also  mean  that  we  can  produce  reflected  light  that  mimics  scattering  of 
different  surfaces  shown  in  Figure  12c,  i.e.  illusion  optics.  In  addition,  we  can  also  incorporate 
anomalous  reflections  in  conjunction  with  cloaking  or  illusion  optics  as  illustrated  in  Figure  12d. 
Lastly,  one  can  also  achieve  reflective  focusing  of  far-field  to  a  near-field  focal  point. 


Figure  12.  Schematics  showing  how  one  can  utilize  the  graphene  based  reflectarray  for  various 
functionalities  such  as  (b)  cloaking,  (c)  illusion,  (d)  anomalous  reflection,  and  (e)  focusing. 


In  all  these  implementations,  we  used  arrays  of  graphene  ribbons  with  equal  width  but  different 
dopings  for  each  ribbon  according  to  the  desired  phase  profile.  Hence,  the  device  is  tunable  and 
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can  achieve  all  these  operations  within  the  same  metasurface.  In  particular,  we  show  the 
simulation  result  for  reflective  focusing  off  an  arbitrary  surface  in  Figure  13.  Figure  13a-c  shows 
the  field  intensity  plots  for  focusing  of  an  incident  plane  wave  to  a  focal  distance  of  150pm  from 
the  ground  plane.  Figure  13  a-b  show  normal  incidence  while  Figure  13c  shows  result  for  a  30 
degree  incidence.  In  Figure  13a  and  c,  the  focal  point  is  located  150um  away  in  the  normal 
direction  while  in  Figure  13b  the  focal  point  is  at  an  angle  of  30  degrees.  Figure  13d  shows 
focusing  of  a  point  dipole  source. 


Figure  13.  Simulation  results  for  reflective  focusing  off  arbitrary  surface. 

These  results  are  currently  being  summarized  in  a  manuscript  to  be  submitted  for  publication. 
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Future  Plans 


We  summarized  the  key  lessons  and  achievements  in  this  seedling  program: 

•  We  have  successfully  developed  the  fabrication  process  for  “substrate  free”  graphene 
reflectarray  where  full  2n  phase  is  in  principle  achievable. 

•  Scatterometry  measurement  of  the  anomalous  phase  of  graphene  reflectarray  was 
established  and  demonstrated. 

•  Strong  signatures  of  anomalous  beam,  an  angular  resolved  beam  that  is  optimal  at 
particular  doping,  was  identified  in  the  measurement.  Hence,  the  seedling  conclude  the 
proof-of-principle  demonstration.  Nitric  acid  was  used  in  the  seedling  phase  as  doping 
scheme  and  its  evaporation  with  time  allows  us  to  vary  the  doping. 

•  Device  design  protocols  are  in  place  for  subsequent  optimization  of  the  graphene 
reflectarray  device  in  the  next  step. 

•  Several  technical  issues  are  identified  and  has  to  be  overcome  in  the  next  step,  which  we 
elaborate  below. 

The  following  immediate  next  steps  are  proposed: 

•  Our  current  beam  spot  size  is  200  pm  x200  pm,  and  there  is  still  room  for  focusing  this 
down  with  a  newly  acquired  set  of  optical  lenses.  It  will  be  advantageous  to  reduce  the 
beam  spot  size  further  so  the  device  can  be  scaled  down  and  phase  gradient  can  be 
increased. 

•  Polarization  dependent  scatterometry  measurement  should  be  performed  in  order  to 
isolate  effects  from  graphene  plasmons  versus  that  due  to  ordinary  scattering  effects 

•  Scatterometry  with  in-situ  camera  system  will  be  setup  in  the  next  phase,  and  this  will 
ensure  better  device  alignment  in  the  measurement. 

•  Since  we  have  identified  design  parameters,  we  are  ready  to  produe  larger-area 
reflectarray  device  as  ideally  the  device  should  be  larger  than  the  beam  spot  size.  This  is 
certainly  achievable  in  the  next  step.  A  small  device  was  used  in  the  seedling  stage  as  we 
determined  this  to  be  sufficient  for  proof-of-principle  demonstration. 

•  Electrical  gating  will  be  implemented  in  the  next  phase.  Prior  work  by  IBM  [5]  has 
already  demonstrate  electrical  tuning  of  plasmon  resonance  with  lOOnm  Si02  substrate 
with  tunability  of  about  10cm-l  for  every  5  V.  Our  device  will  have  50  times  less 
capacitance,  hence  this  will  require  voltage  of  order  100V  in  order  to  sufficiently  tune  the 
plasmon  resonance.  High  voltage  sources  are  available  at  NRL  for  our  testing. 

•  Systematic  understanding  of  the  origin  of  the  multiple  peaks  will  be  performed,  and  we 
will  incorporate  this  mechanism  to  model  the  actual  device. 

•  We  will  design,  optimize  and  demonstrate  a  reflectarray  with  anomalous  beam  of 
>50%of  the  incident  power,  an  anomalous  angle  of  10°,  and  ultrafast  beam  steering  in 
timescale  of  micro-seconds  (orders  faster  than  conventional  micro-mirrors). 
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LIST  OF  SYMBOLS,  ABBREVIATIONS,  AND  ACRONYMS 


AFRL 

DARPA 

DTIC 

FTIR 

GNR 

NRL 

RXAN 


Air  Force  Research  Laboratory 
Defense  Advanced  Research  Project  Agency 
Defense  Technical  Information  Center 
Fourier  Transform  Infrared  Spectroscopy 
Graphene  nano-ribbon 
Navy  Research  Laboratory 

Nanoelectronic  Materials  Branch,  Functional  Materials  Division, 
Materials  and  Manufacturing  Directorate 
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